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EZftCftSA 

The  experlaents  reported  in  this  thesis  vere  made  to  determine 
the  effects  of  a  submloron  refractory  precipitate  on  the  eosqpressive 
strength  of  a  glassy-bonded  oe ramie  material.  A  Sllioon-Boron-Oxygen 
system,  a  new  ceramic  material  currently  being  studied  by  the  United 
States  Air  Force  for  high  tei^rature  application,  was  used  as  the 
model  for  this  study. 
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Abstract 

The  effects  of  a  submicron  precipitate,  B^O,  on  the  compressive 
strength  of  a  Silicon-Boron-Oxygen  ceramic  material  were  determined. 

The  quantity  of  the  auhmicron  precipitate  was  increased  in  increments 
of  25  parcent  ty  substitution  of  amorphous  boron  for  crystalline  boron 
in  a  silicon  +  35  weight  percent  boron  model  ceramic  system.  The 
average  con^iressive  strength  increased  from  195,740  psi  for  10056 
crystalline  boron  to  234,240  psi  for  IOO56  amorphous  boron.  The  increase 
in  the  compressive  strength  was  attributed  to  a  change  of  the  internal 
stresses  and  impediment  of  crack  propagation  resulting  from  the 
introduction  of  the  submicron  precipitate,  B^O,  into  the  borosilicate 
matrix. 
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EFFECTS  OF  FINE  REFRACTORY  DISPERSION  ON  THE  COMPRESSIVE 
STRENGTH  OF  A  QUSSY-BONDBD  CERAMIC  MATERIAL 

I.  fetrodwyion 

The  purpose  of  this  Investigation  Is  to  determine  the  effects  of 
a  submicron  precipitate  on  the  conqsressive  strength  of  a  glassy-bonded 
ceramic.  A  Slllcon-Boron-Oxygen  ceramic  is  used  as  the  model  for  this 
investigation. 

The  increasing  need  for  hlgh-tenperature  materials  for  various  Air 
Force  applications  has  initiated  extensive  research  on  the  mechanical 
properties  of  ceramics.  A  few  metal  alloys  have  satisfactory  strength 
at  1500  °F,  but  above  this  temperature  their  strengths  generally  decrease 
rapidly.  Above  this  temperature  the  carbides  and  oxides  of  metals  have 
an  inherent  advantage  over  metallic  alloys.  Generally  the  melting  points 
are  higher,  the  densities  are  lower,  euid  the  strength  of  the  material  is 
retained.  Designers  have  been  considering  ceramic  materials  because  of 
their  favorable  properties  at  high  operating  temperatures. 

A  new  ceramic  material  consisting  of  sintered  Sllicon-Boron-Oxygen 
was  Investigated  by  Rizzo,  Weber,  and  Schwartz  (Reft  11:  497-501}  and 
appeared  to  have  promising  compressive  strength  and  hlgh-teiq}erature 
properties.  This  ceramic  material  is  composed  of  free  silicon,  a  boride 
phase,  and  an  oxide  phase  dispersed  in  a  borosllicate  glass.  This  study 
is  intended  to  supplement  the  research  being  conducted  by  the  Aeronautical 
Research  Laboratory  on  the  Slllcon-Boron-Oxygen  system. 
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This  Investigation  is  intended  to  provide  basic  knowledge  on  the 
effects  of  a  submicron  precipitate  on  the  coiq^ressive  strength  of  a 
glassy-bonded  ceramic.  The  mechanisms  causing  the  variation  of  com¬ 
pressive  strength  will  be  considered  in  this  report. 

The  chemical  reactions  of  the  Silicon-Boron-Oxygen  system  are 
numerous  and  complex  and  have  been  Investigated  by  Rizzo  (Ref  10:  11-14). 
The  results  of  the  study  of  the  kinetics  of  the  chemical  reactions  In 
the  Sillcon-Boron<Oxygen  system  showed  that  the  quantity  of  submicron 
precipitate  could  be  controlled  by  the  selection  of  the  type  of  elemental 
boron  used.  The  presence  of  the  submicron  precipitate  is  controlled  by 
using  amorphous  boron  Instead  of  crystalline  boron.  Conqpositlons  in¬ 
vestigated  are  20  and  35  weight  percent  boron  in  the  system. 

The  coitg>ressive  strength  of  a  ceramic  material  is  not  a  unique 
value  and  generally  fol>.ow8  a  normal  distribution  curve.  Si  55%  B 
la  used  as  the  model  to  determine  the  effects  of  the  submicron  precipi¬ 
tate.  The  conqpositj on  of  the  boron  is  varied  from  100^  crystalline 
boron  to  100$  amorphous  boron  in  Increments  of  25$  amorphous  boron,  (i.e., 
75$  crystalline  boron  and  25$  amorphous  boron) .  A  statistical  eval¬ 
uation  is  used  for  analyzing  the  experimental  data.  The  student's 
t-distrlbution  for  small  8ang>les  is  applied  to  determine  the  95$  prob¬ 
ability  of  a  significant  difference  of  the  means  between  the  various 
test  compositions.  The  hypothesis  that  the  means  are  equal  is  tested 
with  the  alternative  hypothesis  that  the  means  are  not  equal.  Ninety- 
five  perc<)at  confidence  limits  are  determined  for  compositions 
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exhibiting  a  significant  difference  of  the  means.  The  lower  confidence 
limit  Is  used  to  determine  the  percent  of  Increase  in  the  coopresslve 
strength  due  to  the  Increasing  amount  of  the  subeiicron  precipitate. 
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n*  maralam  &uzsz 

A  new  type  rafractozy  was  aynthaalzed  by  sintering  a  mixture  of 
elemental  silicon  and  boron  in  air  at  1400  ^C.  The  sintered  refractory 
is  composed  of  unreacted  silicon,  SIB^,  ^  ^7^  dispersed  in  a 

boroslllcate  matrix.  The  boroslllcate  matrix  is  distinguished  by  its 
stability  at  high  temperatures  and  its  resistance  to  attack  by  boiling 
water.  Si,  SiB^,  SlBg,  and  B^O  phases  act  as  the  refractory  components. 
The  SIB^  phase  undergoes  a  perltectic  decoeposltion  into  Si  +  SiBg  above 
1400  °C.  This  new  refractory  appears  to  be  particularly  attractive  for 
use  as  a  structural  material  in  air  at  temperatures  to  1550  ^C.  (Bef  11: 
497-504).  Some  of  the  unusual  properties  of  this  now  refractory  are: 

1.  Oxidation  resistant  to  boron  oxide  at  temperatures  as 
hi^  as  1500^  in  air. 

2.  Stabla  in  boiling  water. 

3.  Low  electrical  resistivity  (l  to  100  ohm-cm). 

4.  Susceptor  to  high  freqiiency  field. 

5.  Low  density  (2.S  gm/cc). 

6.  Sxcellent  thermal  shock  resistance. 

7.  High  mechanical  strength. 

8.  Easily  fabricated. 

A  few  of  the  physical  and  mechanical  properties  for  this  new  refrac¬ 
tory  material  have  been  determined  by  Isgrld  (Ref  6:29). 

1.  Tensile  strength,  10,200  psl  at  roc«  teiqperature  and  14,000 
psl  at  1500  ®P. 
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II.  Literatare  Smnrey 

A  n«w  type  refractory  was  eynthesized  by  einterlng  a  mixture  of 
elemental  elllooa  and  boron  In  air  at  1400  °C.  The  sintered  refractory 
Is  composed  of  unreacted  silicon,  SIB^,  ^^6'  ^  dispersed  in  a 
boroslllcate  matrix.  The  boroslUcate  matrix  is  distinguished  by  its 
stability  at  high  temperatures  and  its  resistance  to  attack  by  boiling 
water.  Si,  Sifi^,  ^'p  Phases  act  as  the  refractory  ccxoponents. 

The  SlB^  phase  undergoes  a  peri  tactic  decoaq>osltlon  into  Si  SiBg  above 
1400  °C.  This  new  refractory  appears  to  be  particularly  attractive  for 
use  as  a  structural  material  in  air  at  temperatures  to  1550  ^C.  (fief  lit 
497-504).  Some  of  the  unusual  properties  of  this  new  refractory  aret 

1.  Oxidation  resistant  to  boron  oxide  at  temperatures  as 
high  as  1500%  in  air. 

2.  Stable  in  boiling  water. 

3.  Low  electrical  resistivity  (l  to  100  ohm-cm). 

4.  Susceptor  to  high  frequency  field. 

5.  Low  density  (2.5  pi^cc). 

6.  excellent  thermal  shock  resistance. 

7.  High  mechanical  strength. 

8.  Kaslly  fabricated. 

A  few  of  the  physical  and  mechanical  properties  for  this  new  refrac¬ 
tory  material  have  been  determined  by  Isgrid  (ftsf  6t29) . 

1.  Tensile  strength,  10,200  psi  at  room  temperature  and  14,000 
pel  at  1500 
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2.  Compressive  strength  64,000  to  89,100  psi. 

3.  Average  Poisson's  Ratio  of  0.22 

0 

4.  Modulus  of  elasticity  of  36.2  x  10  psi  at  room  temperature. 

0 

5.  Modulus  of  elasticity  in  shear  of  14.8  x  10  at  room  tem¬ 
perature. 

6.  Thergal  Conductivity  Coefficient  of  31  BTU/(hr) (ft^) (°F/in)  at 
105  F. 

7.  Average  linear  thermal  expansion  coefficient  of  4.5  micro  in¬ 
ches/in/  F  from  room  temperature  to  2000°F. 

8.  Average  specific  heat  of  0.188  BTU/lb  -  °F. 

A  typical  microstructure  after  sintering  a  Si  +  35  weight  /6B  (crys¬ 
talline)  composition  to  1400  °C  in  air  is  shown  in  Figure  I. 


Figure  I 

The  white  phase  is  unreacted  silicon;  the  grey  phase  is  SiB^,  and 
the  borosilicate  matrix  phase  is  black.  The  magnification  is  480X  and 
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the  sample  is  unetched.  Suboxide  B^O  and  SlBg  can  alec  exist  as  dis¬ 
persed  phases  by  knowledge  of  the  kinetics  of  the  reactions  of  the  Si- 
B-0  system.  The  kinetics  of  the  reactions  in  the  Si-B-0  system  were 
reported  by  Riizo  (Bef  lOtlS).  The  reactions  responsible  for  the  for¬ 
mation  of  this  refractory  by  sintering  Si  B  mixtures  to  elevated  tem¬ 
peratures  in  air  aret 


>400°C 


1. 

B^Og 

^2^3 

>800°C 

2. 

Si+  0, 

SiO, 

>iOOO°C 


3. 

Si-l-  B-0_ - ^  SiB, 

+SiO, 

< 

>U00°C 

4. 

Si^  BgOjZ^^ZZir  B^ 

+SiO. 

< 

>1100°C 

5. 

B  ^  BgO^  — B^ 

>1200®C 

6. 

<;<+  R  - ^  S^R 

>1410°C 

7. 

SiB^  -7 — SiBg  Si 

The  presence  of  the  dispersed  phases  (Si,  SiB^, 
trolled  by  the  kinetics  of  these  reactions  and  can  provide  a  wide  variety 
of  desired  nicrostructures.  The  suboxide  B,^  is  one  of  the  hardest  com- 
pounds  (Vickers  Hardness  of  3900  TUga/im  ),  The  presence  of  B,^  can  be 
controlled  by  using  amorphous  boron  instead  of  crystalline  boron.  The 
suboxide,  B^O,  reported  by  Rizso,  et.  al.,  in  this  study  of  the  oxidation 
of  boron  and  silicon-boron  compositions  (Ref  10tl2}  has  been  tentatively 
Identified  as  BgO  by  Rizzo,  (private  conmainications) • 
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A  material  may  be  considered  to  be  In  the  brittle  state  when  It 
exhibits  a  relatively  small  deformation  before  fracture.  Ceramics  are 
considered  brittle  state  material  and  It  has  been  found  that  brittle 
state  materials  do  not  exhibit  a  unique  strength  at  which  fracture 
occurs. 

The  design  engineer  Is  then  faced  with  the  problem  of  selecting  a 
design  stress  at  which  the  material  has  a  known  probability  of  fracture. 

The  design  stress  of  a  brittle  state  material  can  be  considered  as  that 
strength  at  which  the  material  exhibits  a  tolerable  probability  of  frac¬ 
ture.  If  a  designer  can  tolerate  no  probability  of  fracture,  the  stress 
corresponding  to  sero  probability  of  fracture  mist  be  determined  experi¬ 
mentally.  This  means  that  a  sufficient  number  of  specimens  must  be  eval¬ 
uated  In  order  that  the  data  obtained  may  be  treated  by  statistical  tech¬ 
niques.  Thus  for  each  condition  of  application,  a  distrilxitlon  curve  of 
the  properties  of  the  material  being  considered  must  be  determined.  The 
designer  must  then  use  this  distribution  curve  to  select  that  design  stress 
at  which  he  can  accept  the  corresponding  probability  of  fracture.  At 
first  It  would  appear  that  considerable  iaq>rofvement  In  the  distribution 
of  strength  values  could  be  achieved  by  Instituting  good  quality  control 
methods.  Unfortunately  this  does  not  seem  to  be  the  answer.  This  wide 
distribution  of  strength  values  has  been  found  for  many  brittle  materials. 
Theories  by  Griffith  and  UeibuU  which  assume  the  presence  of  critical  flaws 
in  the  structure  appear  to  be  verified  by  experimental  results.  Since 
it  appears  that  flaws  are  an  inherent  property  of  brittle  state  materials 
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and  that  brittle  state  inatexlals  are  flaw  senaltlye,  then  anj  design  data 
concerning  brittle  state  materials  must  be  In  the  form  of  a  distribution 
curve  relating  the  strength  property  of  interest  to  the  probability  of 
fracture  at  the  corresponding  strength  level  (Ref  1»10-11), 
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III.  Progrn 


Materials 

The  various  grades  of  silicon  and  boron  powders  used  as  the  raw 
materials  In  this  investigation  are  listed  in  Table  I. 


Table  I 
Raw  Materials 


Material 

Source 

Grade 

Particle 

Manufacturer's 

Size 

Analysis  i%) 

Silicon 

Union  Carbide 

-325  Mesh 

99.81  Si 

Corporation 

0.12  0 

0.006  H 

0.002  Fe 

Boron* 

U.S.  Borax  and 

Crystalline 

-525  Mesh 

99.15  B 

Chemical  Corp. 

0.42  Mg 

0.14  A1 

0.13  Mn 

0.05  Si 

Boron* 

U.S.  Borax  and 
Chemical  Corp. 

Amorphous 

0  e  S  ^0  X  e  S  ^ 

95  to  97  B 

*  Grade  of  Boron  used  in  this  study  will  be  designated  by  B  (Amorphous) 
and  (Crystalline).  ® 


Oomposltlon 

laq)eriaantal  conq;x>sltloD8  are  indicated  by  wel^t  percent  of  boron 
in  the  raw  mixture.  Co^>osltlon  limits  used  in  this  study  are  20  and  55 
weight  percent  boron,  the  remainder  being  silicon,  and  are  based  on  pre¬ 
vious  information  reported  by  Rizzo  (Ref  Hi 500-501).  Coalescence  of  the 
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silicon  resulting  in  the  "sweating  out"  of  Si  beads  occxured  in  com¬ 
positions  of  less  than  10$  boron.  Compositions  of  more  than  50$  boron 
resulted  in  the  formation  of  free  boron  oxide  which  hydrolizes  very 
readily,  resulting  in  swelling  and  ci’acklng  of  the  refractory  material. 

The  following  four  mixtures  were  prepared  to  determine  the  effects 
of  the  compressive  strength  of  using  amorphous  or  crystalline  boron. 

The  samples  were  prepared  according  to  the  procedure  outlined  in  Chapter 
III  (Sample  Preparation,  page  11). 

1.  Si  20$  B  (amorphous) 

2.  Si  20$  B  (crystalline) 

3.  Si  35$  B  (amorphous) 

4.  Si  +  35$  B  (crystalline) 

Future  reference  to  these  four  mixtures  will  be  20$  B  ,  20$  B  ,  35$  B  , 

ci  C  A 

and  35$  B  ,  respectively. 

V 

In  order  to  determine  the  effect  of  the  submicron  precipitate,  B,^0, 
on  the  compressive  strength  of  the  refractory  material,  the  following 
Intennediate  mixtures  were  prepared: 

1.  Si  +  35$  B  (25$  of  55$  B,  +  75$  of  35$  B  ) 

A  C 

2.  Si  +  35$  B  (50$  of  35$  B  +  50$  of  35$  B  ) 

A  C 

3.  Si  +  35$  B  (75$  of  55$  B.  +  25$  of  55$  B  ) 

A  C 

Future  references  to  these  three  mixtures  will  be  35$  B  (25$, 75$), 

AC 

35$  B.^(50$,50$)  and  35$  B^^(75$,25$)  respectively. 

AC  AC 

The  properties  of  ceramic  bodies  can  be  appreciably  affected  by 
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fabrication  tacbnlqua.  Certain  proper^^les  such  as  strength  are  to  a 
degree  dependent  upon  density;  vlth  isaxiTnun  valoes  approached  as  the 
balk  density  approaches  the  theoretical  density.  The  deviation  of 
the  bolk  density  free  theoretical  density  nay  be  used  as  a  aeasnre 
of  the  fabrlcatlcQ  effectiveness  (Bef  5t  S67-368) 

The  coBHon  nethods  of  fabricating  eeranie  bodies  are  slip  casting, 
extruding,  cold  pressing  (all  followed  by  sintering),  and  hot  pressing 
(perfomed  at  sintering  tenpentare) .  k  later  fabricating  method  by 
vibratory  oo^nioting  of  eeranie  powders  has  been  investigated  and  results 
shotfed  an  increase  of  balk  densities  over  other  low-tenperature  methods. 

(Ref  8t  2-14)  The  vibratory  compacting  techniques  are  only  applicable  to 
speclnens  of  slqile  shapes. 

RfBBtotdrlM  at  Man 

Mixtures  of  Z0%  B  ,  20^  B  ,  35](  B  ,  and  35$  B  were  formed  into  pellets 

cl  O  01  V 

and  sintered  with  a  normal  firing.  (Bef  Sintering  Procedure,  page  12).  height 
gains  of  each  composition  are  listed  in  Table  V,  Appendix  B.  The  pellets 
vers  ground  in  a  boron  carbide  mortar  and  passed  through  a  325  mesh  screen. 
These  compositions  were  then  used  as  the  raw  materials  in  forming  of  the 
final  cylindrical  specimen. 

Sanqjles  weighing  2.8  grams  of  the  presintered  compositions  were  fonor 
ed  by  the  vibratory  compacting  technique  into  cylindrical  specimens.  (0.95 
cm  diameter,  length  2.5  cm)  and  then  sintered  by  the  normal  firing 
schedule.  The  final  sintered  specimens  were  approximately  96  percent  of 
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the  reported  theoretical  density  (2.3  gn/oc).  Specific  physical  data  on 
all  nachlned  specimens  are  listed  In  Table  VI,  Appendix  B. 

siatariM  rEQQft^ 

Specimens  were  fired  In  a  silicon  carbide  resistor  furnace  in  a 
stagnant-air  atmosphere.  The  normal  firing  schedule  consisted  of  a 
heating  rate  of  approximately  250  per  hour  with  soaking  periods  of 
sixteen  hours  at  630  and  one  hour  at  peak  temperature  of  1410  ^C. 

Conversion  of  SIB^  to  SlBg  was  accoDopllshed  with  a  normal  firing 
schedule  except  the  peak  temperature  was  raised  to  1430  with  a  soaking 
period  of  three  hours. 

SWfflflWB  Preparation 

Sintered  specimens  were  machined  on  a  precision  lathe  using  a 
"Grystolon”  stone  and  approximately  0.1  cm  of  the  diameter  and  0.5  cm 
of  the  length  were  removed  during  the  machining.  The  ends  of  the  samples 
were  then  "lapped*  on  a  leveling  plate  with  15  micron  diamond  grit  and 
a  vee  block. 

gfiUBWBBlflB  Tfla^lflg  Procedure 

The  coiiq)resslve  load  capacity  was  determined  from  machined  specimens 
loaded  perpendicular  to  the  clrc\ilar  cross  section.  A  Baldwin  Universal 
Testing  Machine  (60,000  lbs  capacity  —  Serial  No.  F  45288)  was  used  for 
the  compressive  tests.  It  was  calibrated  and  had  a  maximum  error  of  0.40 
percent  over  the  range  of  10,000  to  35,000  lbs.  The  ends  of  the  test 
specimens  were  lubricated  with  powdered  graphite  and  inserted  in  the 
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coaprasslcm  Jig  b«tw««n  C&rboloy  78  B  pads  (Rockwall  Haxdcsa  C  77) , 

Figaro  3|  Appondlx  1*  Tho  asaoaiblod  Jig  was  placed  between  the  platens 
of  the  testing  Mohlne  and  the  load  was  applied  at  the  jrate  of  3000  lbs 
per  ainute*  The  appraxinate  platen  speed  for  this  constant  loading  rate 
was  0.008  Inches  per  minute.  Constant  loading  rate  was  maintained  until 
the  specinsn  fractured. 

Glaaa  Specimens  from  each  test  composition  were  ground 

to  a  fine  powder  in  a  boron  carbide  mortar.  The  pcwder  was  treated  with 
48^  hydrofluoric  acid  until  visible  chemical  reaction  ceased  and  then 
heated  to  dryness.  The  hydrofluoric  acid  treatment  removed  the  amorphous 
borosilloate  glass  from  the  specimen  leaving  the  crystalline  components. 
Weight  losses  from  the  acid  treatment  are  tabulated  in  Table  ?n»  Appendix  B, 

ftBlAUTt  iialTlll  islix  Diffraction  A 

General  Electric  XRD-3  X-Ray  diffraction  unit  with  Cu  Ka  zadiatlon  was 
used  to  determine  the  phases  present  in  the  acid-treated  specimens.  A 
power  setting  of  46  KV  and  16  Na  with  a  scanning  rate  of  Z  degrees  per 
minute  was  used.  The  100  percent  By)  peak  (20  =  34.9  degrees)  was  used 
for  relative  quantitative  determinations.  All  intensities  were  measured 
as  the  peak  height  above  background  radiation.  Percentage  increase  of 
By)  was  based  on  intensity  of  the  By)  line  of  the  35$  B^  composition. 

(Ref  7t  410-438).  Specific  data  of  the  quantitative  determination  is 
tabulated  in  Table  VIII,  Appendix  B. 
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Metallographlc  Analysis!  Sanqples  of  the  test  specimens  were  pre¬ 
pared  by  conventional  techniques  for  microscopic  examination.  Polished 
surfaces  were  prepared  with  240  grit  grinding  paper,  14  micron  diamond 
grit,  and  No.  3  gamma  alumina.  Photomicrographs  of  all  test  compositions 
are  taken  at  480X  magnification  and  enlarged  by  a  factor  of  1.84.  Photo¬ 
micrographs  are  Included  In  Appendix  A. 

Statistical  AnAivaiHi  Student's  t  distribution  for  small  samples  Is 
used  to  determine  the  percent  probability  of  a  difference  of  the  means  be¬ 
tween  the  con^osltlon  containing  an  Increasing  percentage  of  amorphous 
boron  and  the  composition  containing  100$  crystalline  boron.  The  hypo¬ 
thesis  that  the  means  are  equal  was  tested  with  the  alternative  hypothesis 
that  they  are  not  equal.  Average  breaking  strength,  X,and  variances,  s  , 
are  calculated  for  each  series  of  compression  tests  of  the  same  com¬ 
position.  Values  of  t  are  calculated  for  the  compositions  of  Increasing 
B^O  as  compared  to  the  composition  containing  100  percent  crystalline 
boron.  Values  of  t  greater  than  95  percent  probability  indicated  that 
there  Is  a  significant  difference  In  the  conqpresslve  strength  of  the 
materials.  Ninety-five  percent  confidence  limits  are  calculated  for  the 
conposltlons  that  Indicated  a  significant  difference  In  compressive  strength 
(Ref  5i  211-242).  A  sample  calculation  and  specific  data  are  tabulated 
In  Appendix  C. 
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IV.  Results  Dl8gMaBl9tt 

Table  II  on  page  16  presents  the  results  of  compressive  tests  on 
the  four  basic  compositions  (SS%  B  ,  55/6  B  ,  20j6  B  ,  Z0%  B  ).  Statis- 
tical  evaluation  is  used  to  emalyze  the  data  in  order  to  determine  if 
there  is  a  significant  difference  in  the  compressive  strength  of  the 
refractory  materials. 

For  illustration  only,  complete  data  emd  calculations  are  given 
for  f'eterralning  if  there  is  a  significant  difference  in  the  average 
compressive  strength  of  35^  B  and  55^  B  in  Table  IX  and  Table  X, 
Appendix  C.  A  significant  difference  with  a  probability  of  greater  than 
9956  exists  between  the  average  compressive  strengths.  Ninety-five  per¬ 
cent  confidence  limits  for  the  difference  of  the  means  is  used  to  cal¬ 
culate  how  large  a  difference  is  likely  to  exist.  A  minimum  of  24,220 
psi  and  a  maximum  of  52,780  psi  can  be  expected  to  exist  between  the 
average  compressive  strength  of  35JC  B  and  35/6  B  .  This  is  a  9556  prob- 
ability  of  a  12.4  percent  increase  in  the  compressive  strength  of  5556 

B  due  to  the  submlcron  precipitate, 
c 

Similar  calculations  between  2056  B  and  2056  B  resulted  in  an  accept' 

&  c 

ance  of  the  hypothesis  (t  value  =  0.260)  that  the  means  of  the  average 
compressive  strength  are  equeil.  Statistically  there  is  no  increase  in 
the  mean  stiength  of  the  two  materials. 

Intermediate  compositions  3556  B  (2556,7556),  3556  B  (5056,5056), 

aC  ac 

5556  B  (7556,2556)  between  3556  B  and  3556  B  were  fabricated  to  determine 
ac  c  a 

the  effects  of  the  submicron  precipitate  on  the  conpressive  strength. 
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Tabl*  II 
CoaprsaslTa  Teats 


Specimsn 

No. 

Coq)osltlon 

Load 

Iba. 

X*^etioiial 
Area  ixr 

CoaprasalTa  Strength 
Iba/in* 

3  Q 

5$*B, 

16,800 

0.07645 

219,700 

4  G 

35* 

17,200 

0.07645 

225,000 

5  G 

35^  B 

a 

19,000 

0.07645 

248,500 

6  G 

35^  B 

a 

18,075 

0.07645 

236,400 

9  G 

35^  B 

a 

18,475 

0.07645 

241,600 

26  F 

35$  B 

c 

15,275 

0.07645 

199,800 

27  P 

35$  B^ 
c 

14,875 

0.07645 

194,600 

29  F 

55*  B^ 

14,175 

0.07645 

184,400 

32  F 

36*  B^ 

14,850 

0.07645 

194,200 

6  L 

3558 

c 

15,650 

0.07645 

204,700 

18  F 

2056  B. 

a 

15,375 

0.07645 

201,100 

19  F 

2056  B. 

a 

14,  150 

0.07645 

185,100 

20  F 

20$  B. 

a 

16,175 

0.07645 

211,600 

18  G 

20* 

14,875 

0.07645 

194,600 

28  G 

20$  B. 
a 

17,650 

0.07645 

230,900 

9  F 

2056  B^ 
c 

14,175 

0.07645 

185,400 

13  F 

20$  B^ 
c 

15,500 

0.07645 

200,100 

15  F 

2056  B„ 

.c 

15,875 

0.07645 

207,600 

23  G 

2056  B^ 
c 

16,500 

0.07645 

215,800 

3  L 

2056  B„ 

C 

15,450 

0.07645 

202,100 
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Table  III,  page  18,  presente  the  resulte  of  eompreseive  teste  on  the  three 
Intennediate  compositions. 

A  t-value  of  0.239  (20^  probability)  resulted  in  the  acceptance  of 

the  hypothesis  that  the  means  of  the  average  coi^ressive  strengths  of 

35/(  B.^(25)(,75)()  and  are  the  same, 

ac  c 

Comparison  of  Z5%  B  (50J(,50J{)  and  35f(  B  resulted  in  a  t-value 

ftC  0 

of  2.403  (probability  of  96$)  and  an  acceptance  of  the  hypothesis  that 
the  average  coiig>rssslve  strengths  are  significantly  different.  Determin¬ 
ation  of  how  liurge  a  real  difference  exists  between  the  means  is  calculated 
to  be  a  minimum  of  547  psl  and  a  maximum  of  26,690  psi.  This  indicates 
that  with  any  degree  of  certainty  there  Is  only  about  547  psl  increase 
in  the  average  compressive  strength.  The  result  in  terms  of  percent  in¬ 
crease  in  strength  is  0.3. 

35$  B  (75$,25$)  and  35$  B  are  ccmipared  and  gave  a  t-value  equal 
to  7.367  and  a  probability  of  greater  than  99  percent,  that  there  is  a 
significant  difference  in  their  average  compressive  strength.  This  real 
difference  is  calculated  to  be  a  minimum  of  20,540  psi  and  a  maximm  of 
39,260  psl,  and  indicated  that  an  increase  of  10.5  percent  in  the  average 
cong)ras8lve  strength  of  35$  B^  could  be  expected.  Statistical  data  is 
presented  for  the  five  compositions  in  Table  IV,  page  19. 

Specimens  of  35$  B  and  35$  B  were  heat  treated  at  1430  for  three 

ft  c 

hours  to  convert  SIB^  to  SIB^.  Coalescing  and  spheroidlslng  of  the  un¬ 
reacted  silicon  considerably  altered  the  mlcrostructares  when  compared 

to  the  mlcrostructures  of  the  basic  compositions  of  35$  B  and  35$  B  . 

ft  c 

Results  of  compressive  tests  are  presented  in  Table  XI,  Appendix  C. 
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Tabl*  III 
CoiQ>r«88lv«  Te8t8 


Specimen 

No. 

Compoeitlon 

Load 

Iba. 

X-Sectlonal 
Area  In^ 

Compreaalve  ^ 

Strength  Iba/u 

17  K 

3  556  8.^(2556,7556) 

17,500 

.0936 

186,900 

18  K 

3556  8^^(2556,7556) 

18,075 

.0923 

195,800 

19  K 

3556  8.^(25$,7556) 

19,000 

.0917 

207,200 

20  K 

3556  8.^(2556,7556) 

SC 

18,100 

.0939 

192,800 

23  K 

3556  8.^(2556,75$) 
ac 

18,675 

.0^26 

201,700 

1  K 

35$  8  (50$, 50$) 

SC 

16,050 

.0767 

209,300 

3  K 

35$  8  (50$, 50$) 

ac 

16,950 

.0767 

221,900 

4  K 

35$  8  (50$,b0$) 

ac 

15,450 

.0767 

201,400 

6  K 

35$  8.^ (50$, 50$) 

ac 

16,700 

.0769 

217,200 

7  K 

35$  8  (50$, 50$) 

ac 

15,150 

.0769 

197,000 

il  K 

35$  8  (75$,25$) 

ac 

16,800 

.0769 

218,500 

12  K 

35$  8.^(75$,25$) 

SC 

17,000 

.0767 

221,600 

13  K 

35$  8  (75$,25$) 

ac 

17,250 

.0758 

227,600 

14  K 

35$  8.„(75$,25$) 
ac 

17,750 

.0764 

232,500 

15  K 

35$  8^^(75$,25$) 

17,500 

.0767 

228,200 
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Average  conpresalve  strengths  of  the  converted  cc»q)ositlons  cure  not 
competed  to  the  basic  c<»oposltlons  because  of  the  altered  siicrostruc- 
tures.  Conq)arlsoin  of  the  average  compressive  strengths  of  the  converted 
compositions  gave  a  t-value  of  2.873  (98$  probability).  The  significant 
real  difference  of  the  averages  is  a  mlniTsum  of  38^450  psi  and  a  maximum 
of  TlfOZO  psi. 

Treatieent  of  all  the  basic  cosipositions  with  hydrofluorie  acid  to 
remove  the  borosilicate  glass  resulted  in  a  weight  decrease  of  approx¬ 
imately  70$  (Table  VII,  Appendix  B).  The  glass  phase  therefore  remains 
approximately  constant  regardless  of  the  starting  composition  and  type 
of  boron  used.  X-Ray  diffraction  patterns  of  the  glass  analysis  residue 
provided  data  (Table  VIII,  Appendix  B)  to  determine  by  quantitative  X-Ray 
analysis  the  percent  of  increase  in  the  subaioron  precipitate,  B,^0. 

The  Intensity  of  the  100$  B,^  peak  (26  -  34.9^)  increased  proportion¬ 
ally  within  2.9$  of  the  ccdculated  value  of  the  percent  of  B,^  present. 
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V.  ati-iuirnr  mr^A  P.«n«^11n^nT' 

The  conpresslve  strength  of  the  glass  bonded  ceramic  Is  increased 
a  mlnlrnixm  of  24,220  psi  by  the  addition  of  a  submicron  precipitate,  B^O. 
The  effect  of  tha  sabk^croa  precipitate  on  the  compressive  strength  of 
the  ceramic  is  negllg;  bie  for  less  than  a  50  pezvent  increase.  The  major 
gain  of  10.556  in  the  'Krrrossi  'e  str-ugth  occurred  between  50  and  75  per¬ 
cent  Increase  in  the  submicror>.  precipitate  and  a  minor  gain  of  1.9  percent 
is  observed  when  the  submicron  precipitate  was  increased  from  75  percent 
to  100  percent  (Fig.  2,  page  22 )» 

The  conpresslve  strength  of  the  35^  ceramic  is  increased  from  a 
previously  reported  value  of  89,3.x  psi  (Ref  S*29)  to  234,240  psi.  This 
increase  is  due  to  inproved  fabr5.oatlon  techniques  which  eliminated 
visible  surface  cracks  and  increas^^d  the  bulk  densities. 

Mechanical  strengths  of  ceraiair  '.'odies  are  mainly  dependent  on  in¬ 
ternal  stresses,  surface  condition,  tor.perature,  grain  size,  and  porosity, 
(Ref  4:  24-33).  The  model  ceramic  ussd  in  this  investigation  is  fabri¬ 
cated  from  the  same  elemental  conposltion  (silicon  and  boron).  The  vari¬ 
ation  is  that  of  replacing  crystalline  boron  with  amorphous  boron  to 
introduce  a  submicron  precipitate,  Variables  that  were  held  con¬ 

stant  were  grain  size,  surface  condition,  and  tenperature.  Since  the 
densities  are  equivalent,  the  effects  of  the  porosity  on  the  strength 
of  3556  B  and  5556  B  is  considered  negligible.  Microstructures  of  the 
predominant  crystalline  exponents  are  considered  equivalent  except  for 
the  suboilcron  precipitate,  B^O.  The  weight  percent  of  borosillcate-glass 
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Figure  2 

Compressive  Strength  vs.  %  Increase  in  3  55f  B 

Gl 
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phaae  Is  appiroximately  seventy  percent  for  all  compositions  (Table 
VII,  Appendix  C). 

A  marked  Increase  In  Internal  stress  has  been  observed  by  decreas¬ 
ing  the  grain  size  of  the  crystalline  component  of  the  ceramic.  Inter¬ 
nal  stresses  are  also  Increased  due  to  thermal  expansion  coefficient 
mismatch  between  the  crystal  axxd  the  glass  phase  present  at  the  crystal 
boundary.  The  strength  of  the  ceramic  would  depend  on  whether  the  In¬ 
duced  Internal  stress  Is  compatible  with  the  load  stress  Imposed  on  the 
fracturing  medlxim.  An  Increase  In  the  strength  of  a  material  would  Imply 
that  the  Internal  stresses  would  oppose  the  load  stresses.  The  load  stress 
would  therefore  have  to  overcome  the  Internal  stresses  before  It  could 
apply  a  stress  to  the  fracturing  medium  (Ref  4i  32-36). 

Griffith  postulated  the  existence  of  microcracks  In  brittle  material 
and  the  propagation  of  these  microcracks  will  spread  spontaneously  If  the 
decrease  In  strain  energy  Is  at  least  eq[ual  to  the  Increase  In  surface 
energy.  The  strain  energy  Is  associated  with  the  stress  concentration  at 
the  crack  ends.  The  cracks  cannot  propagate  uxiless  the  energy  Is  avail¬ 
able  from  an  external  load.  A  crack  propagation  path  would  be  liiQieded 
by  a  crystalline  particle  absorbing  part  of  the  strain  energy.  This 
would  Imply  that  additional  external  energy  would  be  necessary  to  In¬ 
crease  the  strain  energy  for  continued  crack  propagation.  External  energy 
would  be  available  by  Increasing  the  external  load  on  the  specimen  and 
the  result  would  be  an  Increase  In  strength  of  the  material  (Ref  4:  9-19). 

The  model  used  In  this  Investigation  Is  a  highly  stressed  ceramic, 
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from  observation  of  the  condition  of  the  specimen  at  failure  (Fig.  3, 
Appendix  A) •  Highly  stressed  glasses  exhibit  the  same  type  of  failure 
as  the  model  ceramic.  This  analysis  is  based  on  simple  internal  stress 
configuration.  The  complexity  of  a  polycrystalline  ceramic  body  with 
regard  to  microstructure,  cong)osition,  and  a  coiig>lex  three-dimensional 
internal  stress  configuration  has  made  the  analysis  of  the  factors  affect' 
ing  the  mechanical  properties  extremely  difficult.  Thus,  it  is  concluded 
that  the  increase  in  the  compressive  strength  of  35$  B  compositions  is 
due  to  the  change  of  the  internal  stresses  and  impediment  of  crack  pro¬ 
pagation  resulting  from  the  introduction  of  the  submicron  precipitate, 
B^O,  into  the  boroalllcate  matrix. 
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VI.  Racommendatlons 

1.  Determine  the  physical  and  mechanical  properties  of  this  high  strength 
ceramic. 

2.  Study  the  effects  of  the  fabrication  technique  on  densities  using 
a  hydrostatic  pressure  cylinder. 

3.  Investigate  the  mechanisms  responsible  for  the  decrease  in  compressive 
strength  due  to  the  conversion  of  SiB^  to  SiBg. 

4.  Conduct  chenilcal  analysis  on  the  borosllicate  glass  to  determine  its 
composition  with  various  initial  compositions. 

c.  Study  the  effects  of  elevated  temperatures  on  the  strength  of  the  re¬ 
fractory  material  to  determine  its  maximum  useful  temperature. 

6.  Conduct  experiments  by  enq>loylng  silicon  particles  of  various  sizes 
to  study  their  effects  on  the  compressive  strength. 
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Appendix  A 


Figure  3 

Compressive  Test  Jig 
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Figure  4 


1  hotniid  r;r(igr-iph  of  a  Si  -f  35'/^  B  heating  at  'i30  °C  for  K'  hourn 

folli-'Wel  by  heating  at  I4IO  °C  for  1  hour  in  air.  The  white  phase  is 
Si,  t„,e  go'y  i.liase  surrounding  the  Si  particle^s  is  SiB  , ,  ,'md 


ii.inroti  ,  reeipitat>'  in  the 


borosilicati^  matri: 
4BSX ,  une  tche ,  1 


1 : 


B^O, 


the  sub” 
V.agni fi cation 


■  ;  -I  Si  +  U  in'-it.in,-’  '’s  for  i  r,  lioiirs 

■  .  1  ;  :/  t/ui/:  -iL  1410  '^for  1  liour  in  ".ir.  Tho  wiiite  phase  is 

3:,  ■:■  ,  a;  -  r-urn mil  ling  the  Si  [larticies.  is  SiB,,  an.i  Uk'  blank 

,  a.  i'.'S  i  !  i ■  matrix.  I'agni  t'icati  on  4^FX,  unetched. 

3') 


Figure  6 


i  hotomi cn)gr.'i;-h  of  .-i  Si  4  20/b  art<;r  heating  at  630  °C  for  16  ho’irs 

followe  1  by  heating  at  I4I0  °C  for  1  hour  in  air.  The  white  phase  is 

Gi,  the  grey  phase  surrounding  the  Si  p.articles  is  SiB^,  and  the  sub- 
mieron  preci;M/ite  in  the  borosilicate  matrix  is  B„0.  Magnification 

I  une  tche  1 . 
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Kigtin;  7 

1  holomi crof^rajjh  of  a  Si  +  ?!)%  after  hea  ting  at  ('>30  °C  for  16  hours 
foliowo'i  by  hffating  at  14J.('  '  for  1  hour  in  air.  The  white  phase  is 

Si,  tiio  grey  phase  surrounding  tin-  Si  partinies  is  SiB  ,  and  the  black 
piias>'  is  the  bomsillcab'  matrix.  Kagnif  lea  Lion  4B0X,  unetched. 

il 
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Figun.'  8 

1  hotomicrogrfiijh  of  n  Si  +  35%  (25%,  75%)  after  heating  at  630°  C 

for  16  hours  followed  by  heating  at  1410  °C  for  1  hour  in  air.  The 
white  phase  Is  Si,  the  gn  y  phase  surrounding  the  Si  particles  is  SiB . , 
and  the  submicron  precipitate  in  the  borosilicaU;  m/itrix  is  B  O.  Kag- 

nlfication  48OX,  unetehed. 
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Figure  9 

} hotomicrogniph  of  a  SI  +  355^  B  (50^,  50/6)  after  heating  at  630  °C 
for  16  houro  followed  by  heating^at  1410  °C  for  1  hour  in  air.  The 
white  phase  is  Si,  the  grey  phase  surrounding  the  Si  particles  is  SiB  , 
and  the  submicron  precipitate  in  the  borosilicate  matrix  is  B.^0.  Mag^ 
nifi cation  48OX,  unetched. 
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Kigun'  10 


;  f'.oLonii  i;ri.igr'q)h  of  i  lii  •  V^jL  d  _  ’ifttT  ho;iting  tit  630  °C 

for  1"  hiur.;  follow-’ i  by  h-oiting '.-it  1430  '^0  for  1  hour  in  air.  The 
wait,.  -  i  Si,  Uk-  gn  y  [.hiso  uurroun-ling  th"  Si  particles  is  SiB  , 

■iFi  1  i.i.-’  ..ubmi  cron  i  r -(li  j  i  tat--?  in  th-’  borosilicate  matrix  is  B  O.  Kag- 

nification  4AlX,  unetch-;  !. 


Figure  11 


1  hotomicrograph  of  a  SI  +  35-i  B  after  heating  at  630  °G  for  16  hours 
followed  by  heating  at  1430  *^C  ^for  3  hours  in  air.  The  white  phase  is 
Si,  the  gr(;y  phase  surrounding  the  Si  partiG]es  is  SiB^^,  and  the  sub- 
micron  j^recipitate  in  the  borosil i cat‘>  matrix  is  B  O.  ”  Kagnifi cation 

4^')X,  unetch'*  i. 


3^ 


.■l.M'T' 

i  hotomi 'To-'r.-ii-h  oT  a  Si  ♦  ;■  t.  .  .I.iiii'  ;t  ■  ,:  ■'> 

followf;  1  by  neat,iti('  at.  1 4  ii :  '  T-,,r  i  t.ai.rj  it.  .  r .  I;  , 

Si,  the  y  }  riar.-  .airrour.  i i  14;  th*  Si  ;  a  f-i  <•  1  a;.  1..  S'  ,  : 
bit  i;;e  ii;  tti-  t)f,rn;,i  1  i  1 1.-  in.it.rix.  !• -a'!,  i  i'i  .-a  i,  i ,  ,i.  .  t  x',  ui,. 
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4 


f 


1  j, 

i  holoDii  r-rofjraiih  of  a  Si  ^  -'()>.  aft^r  h":iLia>'  ".t  'i3(’  I’or  J6.  houru 
lollowtvi  by  hratirifj  at  1430  '“’C  tVir  3  hour.:  in  air.  Tiu!  wliito  jhase  is 
Si,  1,h.'  pr>  y  jiiasc  .aurroun  linf^  bnn  Si  ;>arLi  cl':;:  i ;;  Sib  ,  an,i  tiia'  sub- 
micron  j.n  cipit.'ito  in  the  bonjsil  i  xaU;  matrix  i BO.  *t  i^^nil’icition 

4^iX,  unctciii  i 


Kigurp  j4 

1  liotonilcrograph  of  a  Si  +  20/C  B  afU^r  hnating  at  f'30  for  16  hours 
followo'l  by  hejuting  at  1430  ^’for  3  hours  In  air.  The  white  phase  is 
Si,  the  grey  phas"  surrounding  thi’  Si  particles  Is  SiB  ,  and  the  black 
phase  i;.  the  borosilicate  matrix.  Magnification  48OX,  ’  unetched. 
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Apptndlx  B 

Table  V 

Percent  Wblgfet  Qatna  of  Cagpesltlona 

CoiqposltlQa 

Percent  of  Vei^t  Oaln 

let.  Firing 

2nd.  Firing 

205^ 

54.5 

10.5 

27.5 

17.1 

Z5%  B. 

9l 

57.2 

10.5 

ZB%  B 

C 

28.8 

16.5 

55%  B^(25%,76%) 

50.9 

9.9 

55%  B.^(50%,50%) 

55.0 

12.5 

55%  B^^(75%,25%) 

55.1 

9.7 
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Tabl«  VI 

MMhlntd  Sptoiatos 


Speeiiwa 

Mo. 

ConpofltloB 

tfolght 

(g-) 

DioMtor 

(cm) 

Loagth 

(ca) 

Balk  Dinsity 
(gm/oe) 

5  Q 

S6J« 

2.445 

.79248 

2.2225 

2.250 

4  0 

2.441 

.79248 

2.2225 

2.227 

5  0 

IS%  B^ 

2.424 

.79248 

2.2225 

2.211 

6  0 

55jJ  B^ 

Z,'  15 

.79248 

2.2225 

2.228 

9  0 

iS$  B^ 

2.449 

.79248 

2.2225 

2.254 

26  f 

*«»C 

2.417 

.79248 

2.2225 

2.205 

27  F 

S«»c 

z,vtz 

.79248 

2.2225 

2.170 

29  F 

55$  B^ 
c 

2.408 

.79248 

2.2225 

2.198 

52  F 

55$  B. 
c 

2.45U 

.79248 

2.2225 

2.217 

6  L 

«**C 

2.448 

.79248 

2.2225 

2.255 

18  F 

20$  B^ 

2.512 

.79248 

2.1082 

2.225 

19  F 

20$  B^ 

2.501 

.79248 

2.1082 

2.215 

20  F 

2«B. 

2.297 

.79248 

2.1082 

2.209 

18  G 

20$  B^ 

2.551 

.79248 

2.1082 

2.242 

28  G 

20$  B. 

2.524 

.79248 

2.1082 

2.255 
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T«bl«  VI  (eootlniMd) 


Speolatn 

No. 

CoaqiMsItloin 

tiolght 

(gm) 

nUnotor 

(e«) 

Loogth 

(em) 

Balk  OoDiltjr 
(gm^o) 

9  F 

2.229 

.79248 

2.1082 

2.218 

15  P 

2.226 

.79248 

2.1082 

2.215 

15  F 

2.225 

.79248 

2.1082 

2.214 

25  Q 

2.259 

.79248 

2.1082 

2.228 

5  L 

2.218 

.79248 

2.1082 

2.207 

17  K 

55Jt  B.^(25$,y6$) 

■iG 

2.795 

0.877 

2.107 

2.196 

18  K 

55JJ  B^(255^, /5J{) 

2.609 

0.871 

1.967 

2.226 

19  K 

S5JJ  B^^(25j8,yb$) 

2.655 

0.868 

2.012 

2.212 

20  K 

5558  B.^ (2558, 7558) 

2.815 

0.878 

2.098 

2.216 

25  K 

35$  B^(25$,y5$) 

2.270 

0.872 

2.092 

2.21/ 

1  K 

55$  B^(F0$,b0$) 

2.465 

0.794 

2.267 

2.194 

5  K 

?b$  Bj^^(50$,5(»8) 

2.569 

0.792 

2.174 

2.212 

4  K 

55$  B.^(i)0$,U)$) 

AC 

2.531 

0.794 

2.156 

2.204 

6  K 

35$  B^(S0$,50$) 

2.505 

0.795 

2.096 

2.215 

7  K 

55$  B^^(50$,G0$) 

2.411 

0.795 

2.225 

2.185 
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T«bl«  VI  (oontlnavd) 


SpMlnmi 

No. 

Con^osltlon 

Weight 

(gm) 

OlAiwtor 

(en) 

Longth 

(cm) 

Bulk  Density 
(gm/ec) 

11  K 

55Jt  B.^(7bjt,25j8) 

2.260 

0.795 

2.054 

2.217 

12  K 

SSJt  B^(75^,2SJ^) 

2.211 

0.794 

2.014 

2.217 

15  K 

15%  B^{75%tZ5%) 

2.189 

0.789 

2.007 

2.251 

14  K 

SSJt  B.^( 7551,2558) 

2.282 

0.792 

2.098 

2.208 

IE  K 

5558  B^(  7558,2558) 

2.821 

0.794 

2.117 

2.215 

2  J 

5558  B^(SlBg) 

2.565 

0.819 

2.177 

2.257 

5  J 

5558  B^(SlBg) 

2.198 

0.749 

2.242 

2.?25 

4  J 

5558  B^CSlBg) 

2.525 

0.785 

2.165 

2.252 

6  J 

5558  Bj^(SlBg) 

2.521 

0.806 

2.217 

2.229 

7  J 

5558  B^(SlBg) 

2.509 

0.814 

2.157 

2.255 

10  J 

5558  B^(31Bg) 

2.559 

0.881 

2.147 

2.198 

11  J 

5558  B^(SlBg) 

2.470 

0.826 

2.099 

2.196 

IS  J 

5558  B^(SiBg) 

2.620 

0.888 

2.171 

2.214 

S  E 

3558  Bg(SlBg) 

2.675 

0.844 

2.159 

2.215 

7  E 

3558  B^(SIB-) 

2.765 

0.850 

2.290 

2.231 
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Tftbl*  ?II 

Olftit  Ph«M  AaaljBis  (Wgt  j^) 


SpMlMB 

lo. 

Ceapotltioa 

SpsoiatB 

W4i|^ 

WtlAt  after 
BF  frMtunit 

(v») 

Walglit 

Loaa 

(f«) 

%  aiM0 

PhftM 

5  Q 

86J^ 

2.507 

0.714 

1.657 

70.8 

27  F 

55*  B« 

1.905 

0*596 

1.298 

68«2 

28  0 

m»b. 

2.245 

0.715 

1.575 

70.0 

9  F 

*0*B, 

2.150 

0.676 

1.461 

67.8 

25  K 

SSJl  B^(26B,76Jf) 

2.612 

0.876 

1.756 

66.5 

1  K 

5SB  B^i5a$,SC$) 

2.109 

0.620 

1.489 

70.6 

15  K 

5SB  B^(75JS,25J^) 

2.005 

0.621 

1.584 

68.5 

2  J 

SSB  B^(81Bq) 

2.065 

0.650 

1.415 

68.6 

5  1 

55)(B^(S1B^) 

2.524 

0.761 

1.575 

67.7 
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Tabl*  nil 

QuaatitatlTt  X-tey  AnUyiis  for  Contont 
lotot  1009^  lyO  pook  (£6  »  54,9  ms  uood  for  oboItoIo. 


SpOOlJWB 

Be. 

t 

CoapooltleD 

Book  latiMltj 
(iBokoo) 

Bolotlfo  %  laorooM  In 

V 

X-Boy 

ianlyoio 

CiOealntMl 

5  a 

SSJ^  B^ 

5.48 

100.0 

100 

IS  K 

58J^  B^(78J9,2«I) 

4.28 

72.1 

75 

1  K 

55JI  B^(S0J9,S(¥) 

S.S5 

48.2 

50 

£S  K 

563^  B^(£6JJ,78J^) 

2.25 

24.9 

25 

27  E 

5!#B, 

1.18 

0 

0 
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Aiqp«ndlx  C 


Saapl*  Caloulatlon 
Table  IX  Coapraaaiee  Test  Data 


Spaolmen 

Ko. 

Gonpoaition 

Load 

(Iba) 

Z-Saotiooal 
Area  (in^) 

CooBreealrf  Strength 
(Iba/ln*) 

5  a 

5S»B, 

16,800 

0.07645 

219,700 

4  0 

SS»B, 

17,200 

0.07645 

225,000 

5  Q 

5S»B, 

19,000 

0.07645 

248,500 

6  Q 

35$ 

18,075 

0.07645 

256,400 

9  a 

35$ 

18,475 

0.07645 

241,600 

26  F 

55$  B^ 

15,275 

0.07645 

199,800 

27  F 

55$  B 

c 

14,875 

0.07645 

194,600 

29  F 

56*  B^ 

14,175 

0.07645 

184,400 

32  F 

55$  B„ 
c 

14,850 

0.07645 

194,200 

6  L 

56*  Be 

15,650 

0.07645 

204,700 
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Tatol*  X 


Statistical  Galeolatlona  for  ySl»  and  y!$ 


Ccaqputatlon 


35^  B^ 


35)^  B 


195,740 


N  s  no  of  Speoiaana 

s4  4  +  +=4 


5.49802  X  10 


3.83556  X  10 


5.48684  X  10 


3.83141  X  10 


N 

Standard  Devlatlona  «  8 


111.8  X  10 


±  10574 


a.5  X  10 


t  6442 


Student' a  t  «  teat 


Testing  taypothesls  of  the  population  neana,  Bqi  ° 
Against  the  altematlTS 


t=  (5 


^  V  g| 

N_  +  IL  -  2  * 

-  7)  -  (l^x  *  O  *  2 

^  L*‘*x*^J 


t  =  (234,240  -  195,740) 


t  s  6.218 


_ 5  5  -  2 _ 

2(111.8  X  10®  +  a.5  X  10^ 
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For  95%  Probabllltjf  tha  t  «  2.306 

Thexafoza  thara  la  a  algBlfioant  diffaranoa  batuaan  tha  population  naans 
of  355^  and  35% 


Valua  of  diffaranoa  of  tha  naans  with  95%  oonfldanoa  Halts 


s  3B,S00  t  14»280 
24,220  <  p,  -  Py  <  52,780 


Fron  this  rasult,  ona  oan  axpaot  with  95%  probability,  that  tha 
nInlOT  dlffaxanoa  batvaan  tha  ooaprasslTa  strangth  naans  will  ba 
24,220  Ibs/ln^. 

Tha  peroant  Inoraasa  In  oonprasslaa  strangth  trm  35%  B^  to  35% 
duo  to  tha  suhnloxon  praoipitata  would  bat 

^195^740^^  ~  (nlnlnun) 

58>7fl0i.  3L  lOQ  =  Z7,2$  (naxlnun) 

195,740 
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Tabl*  n 

ConpnssloB  T«stf 


SpaeloMi 

Mo. 

Coopoiitloii 

LomI 

(Ibo) 

Z-6ootloMl 
Atm  (  In^ 

ConproiolTt  . 

Stroogth  (ibi/ln*^) 

2  J 

19,500 

.0617 

238,700 

S  J 

5S)l  B^(SlBg) 

14,200 

.0683 

207,900 

4  J 

3SJ^  B^(SiBg) 

15,400 

.0746 

206,400 

6  J 

5SK  B^(SlBg) 

18,000 

.0791 

227,600 

7  J 

35Jt  B^(SlBg) 

16,500 

.0807 

204,500 

10  J 

B^(SiBg) 

13,650 

.0841 

162,300 

11  J 

B^(SiBg) 

15,175 

.0831 

158,500 

15  J 

B^(SlBg) 

15,675 

.0845 

161,800 

3  E 

55jt  BgCsa^) 

14,650 

.0867 

169,000 

7  1 

35J^  B^(31Bq) 

15,400 

.0839 

159,700 
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